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Introduction {#sec001}
============

*Bacillus anthracis*, the etiological cause of Anthrax, is a gram-positive spore forming bacterium. Anthrax is a zoonotic disease that usually afflicts herbivores and is usually transferred to humans by contact with contaminated animal products \[[@pone.0228917.ref001], [@pone.0228917.ref002]\]. The infecting form of *B*. *anthracis* is the spore that can infect the host via three major routes; skin, gastrointestinal tract and the respiratory system \[[@pone.0228917.ref003]\]. The route of infection determines the type of disease and therefore the outcome of the infection. Contact of spores with damaged skin will cause a local lesion (eschar), that in the absence of treatment will remain local and resolve spontaneously in 70--80% of the cases \[[@pone.0228917.ref001], [@pone.0228917.ref004]\]. The remainder 20--30% of patients will progress to systemic infection that, in the absence of treatment, will end in death. Both, the gastrointestinal infection, resulting from the consumption of contaminated meat causing gut inflammation \[[@pone.0228917.ref005]\] and inhalational anthrax, which is the result of spore inhalation, become systemic in almost 100% of the cases and are almost always lethal without treatment \[[@pone.0228917.ref003]\]. While skin and gastrointestinal anthrax can be contracted naturally, inhalational anthrax is extremely rare and was considered an occupational disease mainly in workers and goat hair processing mills \[[@pone.0228917.ref006]\].

Unfortunately in the case of a massive spore discharge as a bio-weapon or bio-terror attack, the exposed population will be at risk of developing deadly inhalational anthrax \[[@pone.0228917.ref007]\]. Inhalational anthrax is a two phase disease where the first stage resembles the common flu or atypical pneumonia followed by a short acute phase leading to death \[[@pone.0228917.ref003]\]. The symptomatic phase is most probably the result of systemic bacterial spread (bacteremia) and the acute phase includes in most cases infection of the central nervous system (CNS) in the form of hemorrhage and meningitis \[[@pone.0228917.ref008]--[@pone.0228917.ref013]\]. As the risk of the use of *B*. *anthracis* spores for bio-terror arose, the focus of treatment has shifted from exposed populations to anthrax patients with the need for effective antibiotic treatment protocols. Historically, treatment of anthrax was based on penicillin G \[[@pone.0228917.ref014]\].With the approval of new antibiotics, treatment recommendations shifted to tetracyclines and fluoroquinolones i.e. Doxycycline and Ciprofloxacin \[[@pone.0228917.ref003], [@pone.0228917.ref015]\].

During the Amerithrax mail *B*. anthrais spore attacks, Ciprofloxacin was the major antibiotic that was prescribed as post exposure prophylactics (PEP) for population at risk of exposure \[[@pone.0228917.ref016]\]. This prophylactic treatment was highly effective since there were no reports of systemic anthrax in individuals treated with Ciprofloxacin. However, the treatment of systemic anthrax patients was much more complicated with a failure rate of about 50%; five casualties out of 11 patients \[[@pone.0228917.ref017]\]. The treatment of symptomatic patients included the combination of three to five antibiotics and treatment failure was probably due to the choice of ineffective antibiotics such as cephalosporin, or due to delayed initiation of treatment \[[@pone.0228917.ref017]\]. In 2001 the CDC refined their recommendations for treating anthrax and included recommendations for PEP and symptomatic (systemic) patients \[[@pone.0228917.ref016]\]. For PEP the CDC recommended a 60 days treatment of Ciprofloxacin or Doxycycline, with the prolonged regimen designed to prevent late disease relapse from the spores deposited in the lung ("the spore depot" hypothesis).

For the treatment of symptomatic patients, the CDC recommended combined treatment of Ciprofloxacin or Doxycycline with one or two additional drugs, from the antibiotics listed, including among others clindamycin. The combination of clindamycin and Ciprofloxacin was shown to be effective in 2001. In an attempt to improve treatment efficacy at late stages of the progressed, systemic disease, the CDC acknowledged the risk of CNS infection and the need for specific and effective treatment with drugs that exhibit improved blood brain barrier (BBB) penetration \[[@pone.0228917.ref018]\]. An experts' committee convened by the CDC drafted recommendations for treating systemic anthrax in the presence and absence of indications for CNS infection \[[@pone.0228917.ref019]\]. These recommendations include carbapenems and Linezolid (oxazolidinone), relatively new antibiotic classes that are efficient in treating other common resistant bacterial infections \[[@pone.0228917.ref020]\]. Though never used to treat anthrax in humans, these substances were recommended in combination with a fluoroquinolone, for the treatment of anthrax, mainly in the late meningeal stages of the disease \[[@pone.0228917.ref018]\]. Previously, we adapted a direct central nervous system (CNS) infection model by direct injection of encapsulated vegetative *B*. *anthracis* bacteria into the cerebral spinal fluid (CSF) \[[@pone.0228917.ref012], [@pone.0228917.ref021]\]. This model, named hereafter "intra cisterna magna" (ICM) injection, simulates the late meningitic stages of the disease with a brain pathology similar to that observed in the inhalational exposure model \[[@pone.0228917.ref011], [@pone.0228917.ref012]\]. Rabbits infected by ICM injection succumbed within 12 to 24h. At time of death, systemic bacteria dissemination is observed. This was shown by us to be toxin independent \[[@pone.0228917.ref012]\]. Using this ICM infection model we demonstrated that treatment with Meropenem or Linezolid fails to protect rabbits from anthrax-meningitis as a single treatment or in combination with Ciprofloxacin \[[@pone.0228917.ref021]\]. In addition, we showed that the failure of Meropenem was due to slow BBB penetration rather than low antibacterial activity \[[@pone.0228917.ref021]\].

The need for new generation antibiotics is the consequence of constant appearance of antibiotic resistant pathogens, a process that does not necessarily apply to *B*. *anthracis*. *B*. *anthracis* is genetically stable \[[@pone.0228917.ref022]\], probably since this bacterium spends most of its life cycle in its dormant spore stage. Furthermore, since during the course of the infection, the major infection is blood borne that later disseminates into organs, *B*. *anthracis* has little to no interaction with host microbiome, making horizontal genetic transfer extremely unlikely. A possible result of this is the fact that naturally occurring isolates encoding multi-drug resistance were as yet not documented \[[@pone.0228917.ref023], [@pone.0228917.ref024]\].

In this manuscript, we test the efficacy of treating anthrax meningitis with classical β-lactams as either a single treatment or β-lactams in combination with β-lactamase inhibitors. The efficacy of Ampicillin, Amoxicillin/clavulanate (Augmentin), Ampicillin/sulbactam (Unasyn) and Piperacillin/tazobactam (Tazocin) were tested in the rabbit CNS infection model.

Material and methods {#sec002}
====================

Bacterial strains, media and growth conditions {#sec003}
----------------------------------------------

The *B*. *anthracis* strain used in this study is the Vollum strain (ATCC14578) \[[@pone.0228917.ref025]\]. *B*. *anthracis* was cultivated in Terrific broth \[[@pone.0228917.ref026]\] at 37°C. For the induction of toxins and capsule production, DMEM-10% NRS was used.

Infection of rabbits {#sec004}
--------------------

New Zealand white rabbits (2.5--3.5 kg) were obtained from Charles River (Canada). The animals received food and water ad libitum. Prior to infection, spores were germinated by incubation in Terrific broth for 1 hr, and then incubated in DMEM-10% NRS for 2 hr at 37°C with 10% CO~2~ to induce capsule formation. The capsule was visualized by negative staining with India ink. The encapsulated vegetative bacteria were used to infect rabbits via the intra-cisterna magna (ICM). For ICM administration, the animals were randomly divided into groups (as described in the results) and anesthetized using 100mg ketamine and 10mg xylazine. Using a 23 G blood collection set, 300 μl of encapsulated vegetative bacteria were injected into the cisterna magna. The remaining sample was plated for total viable counts (CFU.ml-1). The animals were observed daily for 14 days or for the indicated period. Upon death, blood and brain samples from selected rabbits were plated to determine presence of bacteria.

Antibiotic treatment {#sec005}
--------------------

Exposure and treatment regimens. Groups of 8 to 12 NZW rabbits (Charles River Canada. 2.5 to 3 kg) were inoculated ICM with 1x10^5^ Vollum encapsulated bacteria. Six hours post inoculation the animals were treated intravenously (IV) with antibiotics for a fast drug exposure. Antibiotic treatment continued twice daily subcutaneously (SC) for a period of 5 days, followed by survival monitoring for 9 additional days. Antibiotics doses were as follows: Meropenem 40--150 mg/kg, Ampicillin 150--300 mg/kg, Augmentin 150 mg/kg, Unasyn 150 mg/kg, Tazocin 150--300 mg/kg. MIC for Ampicillin, Amoxicillin or Amoxillin/clavulonic (Augmentin) is 0.023 μg/ml (by Etest), Meropenem 0.064 μg/ml (by Etest) and Piperacillin (Tazocin) 0.125 μg/ml (microdilution).

This study was carried out by trained personnel, in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the National Research Council. All protocols were approved by the "IIBR committee on the Ethics of Animal Experiments", permits no. RB-13-17, RB-06-18, RB-14-18. We used female rabbits in these experiments since there are not significant differences in *B*. *anthracis* pathogenicity between male and female rabbits \[[@pone.0228917.ref027]\]. Before ICM injection, animals were sedated using 100mg ketamine and 10mg xylazine. Animals were monitored twice a day and euthanized immediately when one of the following symptoms was detected: severe respiratory distress or the loss of righting reflex, by a 120 mg/kg sodium pentabarbitone injection. Animals that were unable or unwilling to drink were injected with 20-100ml of saline or dextrose isotonic solution SC. Since in most cases anthrax symptoms in rabbits are visible only in close proximity to death there were cases were animals succumbed to the disease.

Statistical analysis {#sec006}
--------------------

Statistical analysis. The significance of the differences in survival rates between treated groups and untreated controls and of the differences in bacteremia and time to death were determined by Log-rank, using Prism 6 software (Graphpad, USA).

Results {#sec007}
=======

Efficacy of Ampicillin and Augmentin in treating anthrax CNS infections {#sec008}
-----------------------------------------------------------------------

To test the efficacy of Ampicillin and Augmentin (Amoxicillin/Clavulanate) we used our rabbit CNS infection model. Rabbits were infected by intra-cisterna magna (ICM) injection with capsular vegetative Vollum strain bacteria. Six hours post infection the rabbits were treated with 150 mg/kg Ampicillin or Augmentin by intravenous (IV) injection. The rabbits were then treated twice a day with 150 mg/kg subcutaneously (SC) for 5 additional days. Survival was monitored for a total of 14 days from infection. The results (**[Fig 1](#pone.0228917.g001){ref-type="fig"}**) demonstrate that treatment with Ampicillin protected more than 60% (8/12) of the treated rabbits. This is a significant improvement over Meropenem, that failed to protect any of the treated animals (\[[@pone.0228917.ref021]\] 0/8). Though untreated animals or animals that are treated with ineffective drugs (Meropenem for example) die within 24h from infection, the time to death in the Ampicillin treated animal occurred between 48 to 72h post infection.

![Efficacy of treating anthrax CNS infection with Ampicillin or Augmentin.\
Rabbits were inoculated ICM with vegetative encapsulated Vollum bacteria and treated 6 hr post infection with Meropenem (40 mg/kg), Ampicillin or Augmentin (150 mg/kg). Survival and time to death (Kaplan-Mayer curves) are shown. Statistical significance was P = 0.0001 for Meropenem vs. Ampicillin and P = 0.0779 for Ampicillin vs. Augmentin.](pone.0228917.g001){#pone.0228917.g001}

Treating the rabbits with Augmentin was highly effective (**[Fig 1](#pone.0228917.g001){ref-type="fig"}**) protecting all the animals (8/8) from the ICM infection with the Vollum fully virulent strain. The difference between Ampicillin and Augmentin could be the combination of the synergism in antimicrobial activity of Amoxicillin and Clavulanate or the inhibition of any β-lactamase activity.

Effect of compromising the BBB on Ampicillin efficacy {#sec009}
-----------------------------------------------------

Though the efficacy of Ampicillin was relatively high, we wanted to test whether it could be further improved. Following our previous experience, we tested if the limited efficacy of the Ampicillin treatment was due to slow BBB penetration. As previously demonstrated \[[@pone.0228917.ref021]\] we developed two experimental protocols to test this particular issue: the first bypasses the BBB by directly injecting the antibiotic into the cerebrospinal fluids (CSF). The second protocol is based on the fact that enhanced immune responses to CNS infections result in massive infiltration of immune cells from both the innate and adaptive systems \[[@pone.0228917.ref028], [@pone.0228917.ref029]\]. Therefore, vaccination with a PA based vaccine prior to ICM inoculation with a toxin-producing *B*. *anthracis* strain will result in increased cerebral immune responses to the inoculation causing enhanced BBB permeability. We have previously demonstrated that this vaccination does not protect rabbits from ICM infections \[[@pone.0228917.ref021]\]. In addition, by comparing ICM infections using either toxin-producing strains or mutants completely deficient in toxin production, we surmised that the disease progression is different, suggesting the vaccination does not result in efficient toxin neutralization \[[@pone.0228917.ref021]\]. Nevertheless, we cannot exclude minor effects of anti-toxin antibodies on the efficacy of the antibiotic treatment.

Supplementing the IV Ampicillin treatment with a single injection of 350 μl of 15 mg/ml ICM protected all the animals from ICM infection (8/8) (**[Fig 2](#pone.0228917.g002){ref-type="fig"}**). The same increase in efficacy was achieved by immunizing the animals prior to the ICM inoculation (8/8). These results demonstrate that any treatment that compromises or bypasses the BBB increases the efficacy of Ampicillin in this treatment model (**[Fig 2](#pone.0228917.g002){ref-type="fig"}**). On the other hand, increasing the IV Ampicillin dose by a factor of two from 150 to 300 mg/kg had no effect on treatment efficacy or time to death (0/7) (**[Fig 2](#pone.0228917.g002){ref-type="fig"}**).

![Effect of compromising the BBB on the efficacy of Ampicillin treatment.\
Naïve or pre-immune (Ampicillin 150+Vacc) rabbits were inoculated ICM with encapsulated Vollum bacteria and treated 6 hr post-infection with Ampicillin with the indicated dose (mg/kg) by IV or IV+ICM (Ampicillin 150+ICM). Survival and time to death are shown. Statistical significance P = 0.0779 for Ampicillin 150/300 vs. Ampicillin+ICM/PA.](pone.0228917.g002){#pone.0228917.g002}

Effect of increasing Meropenem doses on treatment efficacy {#sec010}
----------------------------------------------------------

Meropenem is an antibacterial very commonly used in hospitals and emergency rooms. Since our previous results indicated that the failure of the treatment was due to slow BBB penetration rather than low antibacterial activity, we tested the effect of increasing the therapeutic dose on the treatment efficacy. Increasing the dose of the two initial administrations of Meropenem from 40 to 80 mg/kg, followed by a return to 40 mg/kg for the rest of the treatment, increased the efficacy from 0 to over 50% (6/8) (**[Fig 3](#pone.0228917.g003){ref-type="fig"}**). Time to death in treatment failures remained unchanged with the animals succumbing within 24 hr from infection. Increasing the dose to 120 mg/kg (3 times the initial dose) did not achieve a significant increase in efficacy (2/4) compared to 80 mg/kg but the time to death was slightly prolonged to 48h. Finally, increasing the dose to \~four fold the initial dose to 150 mg/kg further increased efficacy to about 90% (7/8) (**[Fig 3](#pone.0228917.g003){ref-type="fig"}**), which we consider a fully protective treatment regimen. The effect of 40 mg/kg and 150 mg/kg Meropenem on the pharmacokinetics of this drug in rabbit serum is presented in [S1 Apendix](#pone.0228917.s001){ref-type="supplementary-material"} presenting effect on the C-max and T-min.

![Dose effect of Meropenem treatment or anthrax CNS infection.\
Naïve rabbits were inoculated ICM with encapsulated Vollum bacteria and treated IV 6 hr post-infection with Meropenem at the indicated dose (mg/kg). Survival and time to death (curves) are shown. Statistical significance P = 0.0475 for Meropenem 40 mg/kg vs. 80 mg/kg and P = 0.26 for Meropenem 80 mg/kg vs. 150 mg/kg. Over all the results indicate a significant positive effect for increasing Meropenem doses beyond 40 mg/kg (P\<0/0001).](pone.0228917.g003){#pone.0228917.g003}

Efficacy of Ampicillin/Sulbactam (Unasyn) or Piperacillin/Tazobactam (Tazocin) in treating CNS infections {#sec011}
---------------------------------------------------------------------------------------------------------

Since Augmentin (Amoxicillin/Clavulanate) was highly effective in treating anthrax CNS infections (**[Fig 1](#pone.0228917.g001){ref-type="fig"}**), we tested the efficacy of additional β-lactam/β-lactamase-inhibitor combinations. We tested Unasyn and Tazocin in our rabbit CNS infection model. Treating the infected animals with 150 mg/kg of Unasyn protected \~90% of the animals (7/8) with a prolonged time to death for the animal that succumbed to infection under this treatment protocol (**[Fig 4](#pone.0228917.g004){ref-type="fig"}**). Treating the infected animals with 150 mg/kg Tazocin proved ineffective and did not protect any of the animals treated (0/8). The time of death of the animals was not affected either, with all the animals dying within 24 hr (**[Fig 4](#pone.0228917.g004){ref-type="fig"}**).

![Efficacy of Unasyn or Tazocin in treating anthrax CNS infections.\
Rabbits were inoculated ICM with vegetative encapsulated Vollum bacteria and treated 6 hr post infection with Unasyn or Tazocin (150 mg/kg). The results of Ampicillin and Augmentin were copied from [Fig 1](#pone.0228917.g001){ref-type="fig"}. Survival and time to death are shown. Statistical significance P = 0.3173 for Augmentin vs. Unasyn and P = 0.0009 for Augmentin vs. Tazocin. Over all the results indicate a significant negative effect for the treatment of Tazocin compared to the other treatments (P\<0/0001).](pone.0228917.g004){#pone.0228917.g004}

We tried to improve the efficacy of the Tazocin treatment protocol by applying the BBB-permeability increasing methods described above, similarly to Meropenem and Ampicillin (**[Fig 2](#pone.0228917.g002){ref-type="fig"}**). We tested the effect of increasing the therapeutic dose from 150 mg/kg to 300 mg/kg, (n = 4) combining direct ICM treatment in combination with the 300 mg/kg treatment (n = 4), or pre-vaccination of the animals with a PA based vaccine (n = 4). None of these treatments had any effect on the treatment efficacy (**[Fig 5](#pone.0228917.g005){ref-type="fig"})**. The only effect observed was a prolonged time to death for a single animal that was pre-vaccinated. This animal succumbed 13 days from infection while the rest of the animals in this experiment died within 24 hr from infection.

![Effect of compromising the BBB on the efficacy of Tazocin treatment.\
Naïve or pre-immune (Tazocin 150+Vacc) rabbits were inoculated ICM with encapsulated Vollum bacteria and treated 6 hr post-infection with Tazocin at the indicated dose (mg/kg) by IV or IV+ICM (Tazocin 300+ICM). The results of Unasyn were added from [Fig 4](#pone.0228917.g004){ref-type="fig"}. Survival and time to death are shown.](pone.0228917.g005){#pone.0228917.g005}

Discussion {#sec012}
==========

*B*. *anthracis*, unlike other tier 1 bacterial agents such as *Yersinia pestis* and *Francisella tulerensis* that are endemic and active in different parts of the world, has a very short infection cycle ending in the physiologically dormant spore state \[[@pone.0228917.ref030]\]. The time gap between natural infection cycles could be years or even decades, during which time the spores remain genetically stable. This is the reason why strains isolated from different parts of the world are almost identical \[[@pone.0228917.ref022]\] and could practically be genetically considered as different isolates, rather than strains. In addition, once exposed, the infection can either establish a disease that results in rapid death, or be cleared rapidly by the innate immune system, without the development of protective immunity \[[@pone.0228917.ref031]\]. *B*. *anthracis* does not form chronic infections, which usually enable the bacteria to develop antibiotic resistance. This could explain why naturally occurring antibiotic resistance in *B*. *anthracis* is very rare \[[@pone.0228917.ref023], [@pone.0228917.ref024]\]. Despite the relative genetic stability of *B*. *anthracis* and the lack of reported multiple drug resistances in naturally occurring isolates, the threat of using this bacterium as a bio-weapon raises the possibility of having designed resistances added to the dispersed spores. This, in combination with the additional possibility of a silent dispersal of spores in the case of a terror attack may result in delayed diagnosis and the development of severe, late stage disease in multiple patients, which is difficult to treat even in the case that antibiotic-sensitive strains are used. Therefore, new treatment protocols are sought after, using both existing and new antibacterial compounds. The chosen protocols will affect the types of antibiotics in national stockpiles as part of the preparedness for bio-terror attacks.

Previously we demonstrated that Linezolid and Meropenem are not effective in treating anthrax derived CNS infections although they are recommended by the CDC as first choice drugs for this stage of disease \[[@pone.0228917.ref021]\]. These drugs are generally used to treat common hospital infections and bacterial meningitis that are resistant to other, older compounds. In this manuscript, we tested the efficacy of β-lactams to treat anthrax-induced CNS infections in rabbits. Since antibiotic susceptibility testing of representative *B*. *anthracis* isolates from around the word revealed Ampicillin resistance in about 5% of the isolates \[[@pone.0228917.ref023]\] the use of this antibiotic was limited to strains that were pre-determined as sensitive. Furthermore, the genome of *B*. anthracis encodes β-lactamases that might cause this Ampicillin resistance \[[@pone.0228917.ref032]\]. Therefore, we also tested the combination of β-lactams with β-lactamase inhibitors.

Ampicillin, as a single antibiotic treatment, was effective in about 60% of the animals following ICM inoculation of the Vollum strain (**[Fig 1](#pone.0228917.g001){ref-type="fig"}**). The time to death of animals that succumbed to the infection was \~48 h longer than those succumbing while treated with Meropenem or while completely untreated (\[[@pone.0228917.ref012], [@pone.0228917.ref021]\] and **[Fig 1](#pone.0228917.g001){ref-type="fig"})**. This prolonged time to death could indicate the emergence of inducible resistance (β-lactamases). Attempts to improve the BBB penetration of Ampicillin by direct injection of the antibiotic into the CSF improved the treatment efficacy to 100%. This might indicate that rapid accumulation of Ampicillin in the CSF promptly kills the bacteria and negates their ability to induce resistance. The fact that a two fold increase in the Ampicillin dose did not improve the treatment efficacy implies that for effective treatment the Ampicillin dose should be higher still, raising the issue of safety under such high doses. However, Ampicillin treatment is significantly more effective than that of Meropenem (P = 0.0001). As we demonstrated previously, the low efficacy of Meropenem was due to slow BBB penetration \[[@pone.0228917.ref021]\]. Since Meropenem is considered safe, the option to dramatically increase doses is available. We therefore tested the efficacy of Meropenem with doses as high as four times the initial usual dose used in rabbits. In this case (**[Fig 3](#pone.0228917.g003){ref-type="fig"}**) treating the rabbits with 150 mg/kg for the two initial doses followed by a return to 40 mg/kg protected about 90% of the animals, compared to 0% when the animals were treated with 40 mg/kg throughout the experiment (P = 0.005). Therefore, the recommendation of maximizing the initial dose must be included in the recommendation for using Meropenem for systemic anthrax with possible meningitis.

The presence of β-lactamase producing *B*. *anthracis* isolates limits the use of β-lactams such as Ampicillin and Amoxicillin in treating anthrax. However the vast majority of the tested strains were sensitive to Augmentin (Amoxicillin/Clavulanate) \[[@pone.0228917.ref023]\]. Indeed, Augmentin treatment was highly effective in treating CNS infected rabbits, protecting 100% of the animals (**[Fig 1](#pone.0228917.g001){ref-type="fig"}**). Similar results were obtained with Unasyn (Ampicillin/ Sulbactam). Unasyn treatment protected about 90% of the animals following CNS inoculation of *B*. *anthracis*. The time to death of the only animal not protected was 48 hr, which is 24 hr longer than that of the untreated animals \[[@pone.0228917.ref011], [@pone.0228917.ref012], [@pone.0228917.ref021]\]. The difference between Ampicillin and Augmentin or Unasyn could be the inhibition of the inducible β-lactamase present in the genome of *B*. *anthracis* or the synergism between the β-lactamase inhibitors (Clavulonate or Sulbactam), known to have antibacterial activity of their own \[[@pone.0228917.ref033]\]. In contrast to Augmentin and Unasyn, Tazocin (Piperacillin/Tazobactam) treatment did not protect any of the animals (**[Fig 4](#pone.0228917.g004){ref-type="fig"}**). This failure was probably due to low activity of Piperacillin rather than slow BBB penetration since compromising or bypassing the BBB by pre-vaccination or direct CSF administration did not improve the efficacy of this antibiotic (**[Fig 5](#pone.0228917.g005){ref-type="fig"}**). Piperacillin could be an additional example of a new generation drug that has lower efficacy in treating meningeal anthrax compared to the older drugs (Ampicillin and Amoxicillin)\[[@pone.0228917.ref034]\].

To conclude, in this manuscript we demonstrate that the use of Ampicillin or Amoxicillin in combination with the appropriate β-lactamase inhibitors is superior to the treatment based on Meropenem or Piperacillin. If using Meropenem, the initial treatment must be given at the maximal dose possible (4x the usual dose, according to the rabbit model). Tazocin has been shown to be ineffective, whereas Ampicillin and Amoxicillin exhibited high efficacy in the treatment of meningeal anthrax.

Supporting information {#sec013}
======================

###### Pharmacokinetics of Meropenem following IV injection of 40 mg/kg or 150 mg/kg to rabbits.

(DOCX)

###### 

Click here for additional data file.
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The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The manuscript submitted by Sittner et al. entitled "Using old antibiotics to treat ancient bacterium-B-lactams for bacillus anthracis meningitis" discusses several interesting findings that could be beneficial for better understanding B. anthracis pathogenesis and anthrax disease. However, there are several important aspects from this reviewer's perspective that must be addressed prior to being suitable for publication.

MAJOR POINTS

1\. The discussion of any impacts of toxin components seems to be missing from the manuscript. The models being used here are interesting and are certainly useful, but more detailed description of how they reflect natural disease is warranted. For example, when introducing encapsulated bacteria into the ICM of the rabbits and then starting treatment 6 hours later, what stage of disease is being modeled here? If it is late stage disease, the lack of toxemia or damage associated with toxemia must at least be addressed as a potential shortfall of this model. As the authors are well aware, B. anthracis pathogenesis and subsequent anthrax disease is a highly complex scenario involving spores, bacilli, and toxins, thus more effort should be focused on placing this useful model in context of natural disease.

2\. It is unclear to this reviewer after reading this manuscript how vaccination with PA can compromise the BBB. Please make this point clearer and provide references or other rationale, I apologize if I missed this point. Additionally, similar to point \#1 above, the authors should comment about how the PA vaccine also changes the pathogenesis of the disease in their rabbit models. The PA vaccine is potent and it would definitely impact the disease model.

MINOR POINTS

1\. Line 25, what evidence is being referred to suggest a rise for bio-terror risk associated with spores? I would recommend altering this, to reflect that B. anthracis spores are a proven risk.

2\. Line 55, the authors should address the lethality associated with cases of GI anthrax, as it can cause more than "gut inflammation".

3\. Although a common acronym, please define BBB first time used in manuscript (sorry if I missed it).

4\. Line 142, "rabbit" should be "rabbits"

5\. The figures seem to be out of order?

6\. The data presentation is duplicative, there is no benefit in presenting the data as bar graphs and as survival curves. Remove the bar graphs.

Reviewer \#2: The data provided in this manuscript generally support your conclusion that the old antibiotics can be used to treat anthracis meningitis efficiently. Below please see the comments.

1\. In your manuscript, the numbering of Figures 2, 4 and 5 is wrong. They should be corrected.

2\. Augment and Unasyn but not Tazocin were inefficient to protect ICM infected animals in your study. You explained that this was due to low activity of Piperacillin. You should provide the MIC data for the antibiotics (Amoxicillin, Ampicillin, Piperacillin and Meropenem) used in your study.

3\. You used PA vaccination to increase BBB penetration. Your previous study (Treating Anthrax-Induced Meningitis in Rabbits. Antimicrobial Agents and Chemotherapy, 2018) showed that the presence of anthrax toxin promotes animal death (compare the survival time of animals infected with Vollum vs. VollumΔTox), which may be partially reversed by anti-PA antibody induced by PA vaccination. You cannot exclude the possibility that the increased survival of animals receiving Ampicillin 150 + Vacc (Fig. 5 in your submission) is due to toxin neutralization. To better address that increased BBB penetration can increase the efficacy of Ampicillin, VollumΔTox instead of Vollum strain should be used to infect the animals following PA vaccination. Please address this concern by experiments and/or discussion.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0228917.r002

Author response to Decision Letter 0

29 Dec 2019

PONE-D-19-30028

Using old antibiotics to treat ancient bacterium - β-lactams for Bacillus anthracis meningitis

PLOS ONE

Dear Dr. Haroon Mohammad,

Enclosed pleas find a point by point reply for the reviewers remarks. We would like to thank the reviewers for careful reading of the manuscript and making helpful remarks.

We added in a supplement a pharmacokinetics of two doses of Meropenem, 40 and 150 mg/kg in naïve rabbits.

Hope you will find the revised version of this manuscript suitable for publication in PLOS one.

Yours

Haim Levy

The ethic statement was modified to:

This study was carried out by trained personnel, in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the National Research Council. All protocols were approved by the IIBR committee on the Ethics of Animal Experiments, permits no. RB-13-17, RB-06-18, RB-14-18. We used female rabbits in these experiments since there are not significant differences in B. anthracis pathogenicity between male and female rabbits \[27\]. Before ICM injection, animals were sedated using 100mg ketamine and 10mg xylazine. Animals were monitored twice a day and euthanized immediately when one of the following symptoms was detected: severe respiratory distress or the loss of righting reflex, by the 120 mg/kg sodium pentabarbitone injection. Animals that were unable or unwilling to drink were injected with 20-100ml of saline or dextrose isotonic solution SC. Since in most cases anthrax symptoms in rabbit are visible only in close proximity to death there were cases were animals succumbed to the disease.

Reviewer \#1:

MAJOR POINTS

1\. The discussion of any impacts of toxin components seems to be missing from the manuscript. The models being used here are interesting and are certainly useful, but more detailed description of how they reflect natural disease is warranted. For example, when introducing encapsulated bacteria into the ICM of the rabbits and then starting treatment 6 hours later, what stage of disease is being modeled here? If it is late stage disease, the lack of toxemia or damage associated with toxemia must at least be addressed as a potential shortfall of this model. As the authors are well aware, B. anthracis pathogenesis and subsequent anthrax disease is a highly complex scenario involving spores, bacilli, and toxins, thus more effort should be focused on placing this useful model in context of natural disease.

A. The following text was added to the introduction:

Previously, we adapted a direct central nervous system (CNS) infection model by direct injection of encapsulated vegetative B. anthracis bacteria into the cerebral spinal fluid (CSF) \[12, 21\]. This model, named hereafter "intra cisterna magna" (ICM) injection, simulates the late meningitic stages of the disease with brain pathology similar to that observed in the inhalational exposure model \[11, 12\]. Rabbits infected by ICM injection succumbed within 12 to 24h. At time of death, systemic bacteria dissemination is observed. This was shown by us to be toxin independent \[12\].

2\. It is unclear to this reviewer after reading this manuscript how vaccination with PA can compromise the BBB. Please make this point clearer and provide references or other rationale, I apologize if I missed this point. Additionally, similar to point \#1 above, the authors should comment about how the PA vaccine also changes the pathogenesis of the disease in their rabbit models. The PA vaccine is potent and it would definitely impact the disease model.

A. The following text was added to the results:

As previously demonstrated \[21\] we developed two experimental protocols to test this particular issue: the first bypasses the BBB by directly injecting the antibiotic into the cerebrospinal fluids (CSF). The second protocol is based on the fact that enhanced immune responses to CNS infections results in massive infiltration of immune cells from both the innate and adaptive systems \[28, 29\]. Therefore, vaccination with a PA based vaccine prior to ICM inoculation with a toxin-producing B. anthracis strain will result in increased cerebral immune responses to the inoculation causing enhanced BBB permeability.

MINOR POINTS

1\. Line 25, what evidence is being referred to suggest a rise for bio-terror risk associated with spores? I would recommend altering this, to reflect that B. anthracis spores are a proven risk.

A. The text was modified to" As Bacillus anthracis spores pose a proven bio-terror risk,.."

2\. Line 55, the authors should address the lethality associated with cases of GI anthrax, as it can cause more than "gut inflammation".

A. The text was modified to "Both, the gastrointestinal infection, resulting from the consumption of contaminated meat causing gut inflammation \[5\] and inhalational anthrax, which is the result of spore inhalation, become systemic in almost 100% of the cases and are almost always lethal without treatment \[3\]."

3\. Although a common acronym, please define BBB first time used in manuscript (sorry if I missed it).

A. Corrected accordingly

4\. Line 142, "rabbit" should be "rabbits"

A. Corrected accordingly

5\. The figures seem to be out of order?

A. I apologize for that. The figures title were corrected.

6\. The data presentation is duplicative, there is no benefit in presenting the data as bar graphs and as survival curves. Remove the bar graphs.

A. we accept the reviewer comment, however from our experience in presenting such data to non-experts, the bar presentation is easier to understand. If the reviewer will insist, we will remove the bars from the figures.

Reviewer \#2:

1\. In your manuscript, the numbering of Figures 2, 4 and 5 is wrong. They should be corrected.

A. We apologize for that once again. The figure titles were corrected.

2\. Augment and Unasyn but not Tazocin were inefficient to protect ICM infected animals in your study. You explained that this was due to low activity of Piperacillin. You should provide the MIC data for the antibiotics (Amoxicillin, Ampicillin, Piperacillin and Meropenem) used in your study.

A. The MIC of this data was presented in the material and methods section:

"Antibiotics doses were as follows: Meropenem 40-150 mg/kg, Ampicillin 150-300 mg/kg, Augmentin 150 mg/kg, Unasyn 150 mg/kg, Tazocin 150-300 mg/kg. MIC for Ampicillin, Amoxicillin or Amoxillin/clavulonic (Augmentin) is 0.023 �g/ml (by Etest), Meropenem 0.064 �g/ml (by Etest) and Piperacillin (Tazocin) 0.125 �g/ml (microdilution)."

In addition, we added the pharmacokinetics of Meropenem in two doses, 40 and 150 mg/kg in rabbits as a supplement.

3\. You used PA vaccination to increase BBB penetration. Your previous study (Treating Anthrax-Induced Meningitis in Rabbits. Antimicrobial Agents and Chemotherapy, 2018) showed that the presence of anthrax toxin promotes animal death (compare the survival time of animals infected with Vollum vs. VollumΔTox), which may be partially reversed by anti-PA antibody induced by PA vaccination. You cannot exclude the possibility that the increased survival of animals receiving Ampicillin 150 + Vacc (Fig. 5 in your submission) is due to toxin neutralization. To better address that increased BBB penetration can increase the efficacy of Ampicillin, VollumΔTox instead of Vollum strain should be used to infect the animals following PA vaccination. Please address this concern by experiments and/or discussion.

A. This text was added to the results:

"We have previously demonstrated that this vaccination does not protect rabbits from ICM infections \[21\]. In addition, by comparing ICM infections using either toxin-producing strains or mutants completely deficient in toxin production, we surmised that the disease progression is different, suggesting the vaccination does not result in efficient toxin neutralization \[21\]. Nevertheless, we cannot exclude minor effects of anti-toxin antibodies on the efficacy of the antibiotic treatment."

10.1371/journal.pone.0228917.r003

Decision Letter 1

Mohammad

Haroon

Academic Editor

© 2020 Haroon Mohammad

2020

Haroon Mohammad

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

15 Jan 2020

PONE-D-19-30028R1

Using old antibiotics to treat ancient bacterium - β-lactams for Bacillus anthracis meningitis

PLOS ONE

Dear Dr. Levy,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

==============================

Thank you for addressing the reviewers comments. After carefully reviewing your revised manuscript, I am requesting that the figures be modified to address a concern previously raised by both reviewers. Figures 1 - 5 should only be presented as survival curves (e.g. please remove all of the bar graphs). Additionally, for the supplementary figure, please correct the title by changing \"adminiatration so\" to \"administration of\" and include a brief explanation of the pharmacokinetic data for meropenem in the main manuscript text.

==============================

We would appreciate receiving your revised manuscript by January 27, 2020. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Haroon Mohammad

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Thank you for making the requested edits and additions. However, I still feel strongly that by presenting the exact same data in 2 different graph formats, it causes confusion and over states the amount of data presented. Between a line graph and the text the data should be able to be presented in a manner that all readers can understand. Please streamline the data presentation is only represented in one format and the text.

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0228917.r004

Author response to Decision Letter 1

21 Jan 2020

The figures were modified as requested

###### 

Submitted filename: Response to Reviewers final.docx

###### 

Click here for additional data file.

10.1371/journal.pone.0228917.r005
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Creative Commons Attribution License
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23 Jan 2020

PONE-D-19-30028R2

Using old antibiotics to treat ancient bacterium - β-lactams for Bacillus anthracis meningitis

PLOS ONE

Dear Dr. Levy,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

We would appreciate receiving your revised manuscript by January 28, 2020. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Haroon Mohammad

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

Dear Dr. Levy,

Thank you for responding to the reviewer\'s request to modify the figures by removing the bar graphs. While reviewing the revised manuscript, I noticed that the figure legends for Figures 1-5 still mention \"Survival percentage (bars) and time to death (Kaplan-Mayer curves) are shown.\" I would appreciate if you can correct all figure legends to remove the statement regarding survival percentage (bars) being shown (as this was deleted in the revised manuscript figures).

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0228917.r006

Author response to Decision Letter 2

23 Jan 2020

PONE-D-19-30028

Using old antibiotics to treat ancient bacterium - β-lactams for Bacillus anthracis meningitis

PLOS ONE

Dear Dr. Haroon Mohammad,

Enclosed pleas find a final version of the manuscript. We would like to thank the reviewers for careful reading of the manuscript and making helpful remarks.

Hope you will find the revised version of this manuscript suitable for publication in PLOS one.

Yours

Haim Levy

###### 

Submitted filename: Response to Reviewers III.docx

###### 

Click here for additional data file.

10.1371/journal.pone.0228917.r007
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Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

28 Jan 2020

Using old antibiotics to treat ancient bacterium - β-lactams for Bacillus anthracis meningitis

PONE-D-19-30028R3

Dear Dr. Levy,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Haroon Mohammad

Academic Editor

PLOS ONE

10.1371/journal.pone.0228917.r008
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Academic Editor

© 2020 Haroon Mohammad

2020

Haroon Mohammad

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

3 Feb 2020

PONE-D-19-30028R3

Using old antibiotics to treat ancient bacterium - β-lactams for Bacillus anthracis meningitis

Dear Dr. Levy:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Haroon Mohammad

Academic Editor

PLOS ONE

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.
